ABSTRACT A novel combined approach of molecular dynamics (MD) and Monte Carlo simulations is developed to calculate various free-volume distributions as a function of position in a lipid bilayer membrane at 323 K. The model bilayer consists of 2 x 100 chain molecules with each chain molecule having 15 carbon segments and one head group and subject to forces restricting bond stretching, bending, and torsional motions. At a surface density of 30 A2/chain molecule, the probability density of finding effective free volume available to spherical permeants displays a distribution with two exponential components. Both pre-exponential factors, Pi and P2, remain roughly constant in the highly ordered chain region with average values of 0.012 and 0.00039 A-3, respectively, and increase to 0.049 and 0.0067 A-3 at the mid-plane. The first characteristic cavity size V1 is only weakly dependent on position in the bilayer interior with an average value of 3.4 A3, while the second characteristic cavity size V2 varies more dramatically from a plateau value of 12.9 A3 in the highly ordered chain region to 9.0 A3 in the center of the bilayer. The mean cavity shape is described in terms of a probability distribution for the angle at which the test permeant is in contact with one of and does not overlap with anyone of the chain segments in the bilayer. The results show that (a) free volume is elongated in the highly ordered chain region with its long axis normal to the bilayer interface approaching spherical symmetry in the center of the bilayer and (b) small free volume is more elongated than large free volume. The order and conformational structures relevant to the free-volume distributions are also examined. It is found that both overall and internal motions have comparable contributions to local disorder and couple strongly with each other, and the occurrence of kink defects has higher probability than predicted from an independent-transition model.
INTRODUCTION
The ability to predict transport behaviors of permeant molecules across biological membranes is a prerequisite for the analysis of many biological processes and for the design of various drug delivery systems. A fundamental component of biological membranes is lipid bilayers, in which molecular organization varies, on an atomic dimension, with distance from the interfaces. As a consequence, it is possible to observe partition and diffusion processes in a lipid bilayer as a function of position from the interface only if certain probe groups are attached to the chain molecules in the bilayer (Griffith et al., 1974; Windrem and Plachy, 1980) , which, unfortunately, may disturb the local structure of the bilayer and thereby affect the transport processes. Furthermore, it is a subject of debate to use various physicochemical relationships obtained for bulk and polymeric systems to describe phenomena occurring in interfacial phases, in particular, in highly ordered alkyl chain domains in lipid bilayer membranes. Interest in permeation properties in the highly ordered chain regions is heightened by results from our recent experiments on transport across egg-lecithin planar lipid bilayers , which strongly suggest that the transport barrier for nonelectrolyte molecules is located in the highly ordered chain region.
With the advance of modern computer technology and the emergence of various sophisticated potential energy functions, computer simulations have become a powerful means to gain detailed information about molecular strucReceived for publication 28 January 1993 and in final form 15 June 1993 15 June . X 1993 by the Biophysical Society 0006-3495/93/09/1108/13 $2.00 tures and dynamic processes which can not be easily provided by conventional laboratory experiments. Although certain aspects of static and dynamic structures in lipid monolayers and bilayers have been studied by means of Monte Carlo (MC) (Milik et al., 1990 (Milik et al., , 1992 , master equation (ME) (Ferrarini, 1989) , Brownian dynamics (BD) (Pastor et al., 1988a (Pastor et al., , 1988b and molecular dynamics (MD) (van der Ploeg and Berendsen, 1982 Berendsen, , 1983 Egberts and Berendsen, 1988; Bareman and Klein, 1990; Biswas and Schurmann, 1991; Pastor et al., 1991; Karaborni and Toxvaerd, 1992) simulations, there is still a need to investigate those monolayer or bilayer properties that are closely related to the underlying partition and diffusion processes with physical parameters (e.g., surface density) comparable with experimental or physiological conditions. Studies of the effects of permeant's size (Stein, 1986; Walter and Gutknecht, 1986) and temperature (Vaz et al., 1985) on translational diffusion in lipid bilayers suggest that a free-volume model is appropriate for the description of diffusion processes in the bilayers. In the free-volume theory of Cohen and Tumbull (Cohen and Turnbull, 1959; Turnbull and Cohen, 1970) , translational diffusion of a permeant occurs when statistical redistribution of free volume opens up a void of a critical size in the immediate vicinity of the permeant. The concept of free volume has also been utilized to describe the effects of molecular size and shape and medium density on partitioning of solutes into interphases as well as between simple liquids (Schnitzer, 1988; Eiteman and Gainer, 1989) . Earlier, a molecular theory for the evolution of free volume in lipid bilayers was proposed by Trauble to explain relatively high permeability for water and other small molecules (Trauble, 1971) . However, a quantitative knowledge of free-volume distributions in lipid bilayers is still lacking. Questions fundamental to the application of the concept of free volume to transport processes in lipid bilayers include (a) how various freevolume distributions depend on location in the bilayer interior? (b) Which of the free-volume properties, the number of cavities and the mean cavity size, is the major determinant for the location of transport barrier in the bilayers? (c) What is the mean cavity geometry of free volume in the bilayers?
The primary objective of this study is to address these questions by calculating, for the first time, various freevolume distributions in a model bilayer as a function of position from the interface. The bilayer microstructures (i.e., atomic Cartesian coordinates) are obtained from a MD simulation in which various realistic interaction energies between chain segments are considered. In contrast to the more traditional MC method for the structural generation, the MD simulation is better suited to obtain bilayer structures with more precise conformational correlation. Cooperative torsional motions have been shown to be responsible for the creation and movement of relatively large cavities in lipid bilayers (Trauble, 1971) and to be correlated with diffusion processes in polymers. From the simulated bilayer microstructures, the free-volume distributions are calculated by means of a Monte-Carlo technique (Shah et al., 1989) and further examined with various analytical models. In the Monte-Carlo method, a number of points representing the positions of, test permeants are randomly chosen in the bilayer and the number of permeants which do not overlap with any chain segment in the bilayer is counted as functions of permeant's size and location in the bilayer interior. The objectivity nature of the method is especially promising considering the ambiguity involved in the concept of free volume because of the irregularity of and the ill-defined boundary between the cavities. Other structural properties of the bilayer are also described. They include segmental order parameter, molecular orientation, and conformational statistics. The characteristic free-volume parameters and other simulation results are discussed in conjunction with available experimental data and theoretical models.
COMPUTATIONS Molecular dynamics simulation
A relatively large bilayer assembly with 2 X 100 lipid molecules was simulated in order to avoid possible artificial structures as found in small bilayer assemblies (van der Ploeg and Berendsen, 1983) bilayer was confined in a unit box with periodic boundary conditions in the x-y domain. Each chain molecule had 14 methylene, one methyl, and one head group. The molecular model was similar to the flexible chain model employed in our previous molecular dynamics studies on segmental relaxation of liquid hydrocarbons (Xiang et al., 1991; Liu et al., 1992) , in which all groups were treated as single spheres and the following force field was used The bond lengths (b) and angles (0) were allowed to vibrate near the equilibrium positions (bo, 0) using appropriate harmonic forces. The frequency for bond stretch (C-C) was reduced by about three-fold in this simulation compared to the real frequencies observed in IR spectroscopy. Previous studies have shown that structural properties of hydrocarbon liquids including conformational structures are not seriously disturbed by the changes of vibrational frequencies for bond stretch . It is superior, as noted by Helfand and Fixman (Helfand, 1979; Fixman, 1974) , to the constraint method used by a number of authors, in which bond lengths are fixed. The Rychaert-Bellemans potential (Rychaert and Bellemans, 1975) , Vcccc(cos 4) = (2.217 + 2.905 cos 4 -3.135 cos2q5 -0.731 cos34 + 6.27 cos44, -7.527 cos5 4,) (2) (kcal/mol) was used for torsional motions of the C-C-C-C linkages (4,). This potential energy function was derived originally from infrared spectroscopic studies (Scott and Scheraga, 1966; Woller and Garbisch, 1972) and has been tested by MD simulations of liquid hydrocarbons (Rychaert and Bellemans, 1975) . A Lennard-Jones (12-6) potential was employed for intermolecular interactions and for interactions between segments separated by more than three bonds in the same molecule. The L-J parameters (a1, E) were determined on the basis of the results given by Jorgensen and Tirado-Rives (1988), Weiner et al. (1984) , and van der Ploeg and Berendsen (1982) . Combination rules were used for cross interactions, and a cut-off radius of 13 A was used for all the L-J interactions. The relevant geometric and force parameters are listed in Table 1 .
Since our attention in this work is focused on the freevolume distributions in the alkyl chain region where the transport barrier for nonelectrolyte molecules resides (Allen and Tildesley, 1989 ) and a time step of 5 fs. This time step was one order of magnitude smaller than the reciprocal of the vibrational frequencies for the bond stretch. The box length was determined from a selected surface density. It was varied in our initial control simulations in the range of 20-35 A2/chain molecule in order to find out an optimal surface density at which the segmental order parameters calculated are in best agreement with experimental values (vida supra). The simulation was divided into two phases. In the first phase, the equilibrium of the system was reached through a sufficiently long run (-100,000 time steps) starting from an all-trans configuration for all the chain molecules in the bilayer and was monitored by various order parameters, temperature, and other structural quantities. The segmental velocities were adjusted according to the Maxwell velocity distribution at a certain interval of time to give an average temperature of 323 K (Andrea et al., 1983) . At equilibrium, the fluctuation of system temperature between temperature samplings was + 4 K, and no significant drift of temperature was observed. The production phase consisted of 10 trajectory segments, each separated by 10,000 time steps. At the end of each segment run, the atomic coordinates were stored in files to be used for subsequent calculations.
We have also conducted an NVT MD simulation on liquid n-octane using the same potential functions and chain model.
The box length was varied until the system pressure including a long-range correction (Allen and Tildesley, 1989 ) was 3 ± 50 atm. As the isothermal compressibility for liquid n-octane is on the order of 1 X 10-4/atm, the deviation of pressure from 1 atm creates an error of no greater than 0.1% for the total free-volume fraction.
Monte Carlo method
From the microstructure of the lipid bilayer as determined from the MD simulation, free volume available to spherical permeants with different diameters was evaluated using a Monte Carlo technique (Shah et al., 1989) .
In this method, N (= 2 X 106) points representing the centers of the test permeants were randomly chosen within the central box. The bilayer was divided into 21 strips along the z direction. The width of each strip, Az, was determined by the instantaneous thickness of the bilayer which is defined as the distance between the two mobile interfaces. The bilayer thickness averaged over 10 different bilayer microstructures was 30.0 ± 0.6 A. A counter which corresponded to one of the strips was selected if the randomly generated point fell into the strip. 50 counters for that strip were then activated for permeants of different diameters d in the range of 0-8 A. The maximum size of a sphere, dn, that can be inserted without overlapping even partially with any van der Waals (vdW) pseudoatom in the lipid bilayer was obtained.
The maximum diameter dn is defined, as shown in Fig. 1 , such that further increase of the diameter would cause the distance between the test permeant and the center of one of the pseudoatoms in the bilayer, say the jth segment, to become smaller than re, j = (dm + aj)/25/6, where re j is the position of the minimum energy in the corresponding L-J (12-6) potential. All counters corresponding to diameters less than dm were incremented by one, implying thereby that any spherical permeant with size less than dn can occupy at that point. If Ni is the total number of points which fall into the ith strip (i = 1, 2, . . ., 21) and Ni d iS the number of points, among the Ni points, in the unoccupied volume at which a permeant of diameter d can be inserted, then the ratio of Ni, d to Ni, f(V, z) = Ni, diNi, gives accumulated freevolume fraction at position z which is available to a spherical permeant with a vdW volume of V ' 7rd3/6, where z [= (i -0.5)Az] is the coordinate along the bilayer normal whose origin is located at one of the interfacial plane. The distributions of the accumulated free-volume fraction obtained were differentiated with respect to -V to give the probability distributions of cavity sizes available to spherical permeants (vida supra). The resulting probability distributions were further analyzed by a curve-fitting program (MINSQ, Micromath Scientific Software, Salt Lake City, Utah). The most appropriate model was selected based on a modified Akaike Information Criterion, which is also known as the Model Selection Criterion (MSC). When comparing models with different numbers of parameters, this criterion places a burden on the model with more parameters. In addition, it is also independent of the scaling of the data points used. In our nonlinear regression analysis, the following quantity
was minimized, where p(Vi, z) and P(Vi, z) are data points from our simulation results and from a theoretical model function, respectively. A weighing factor, wi = 1/p2(Vi, z), was used as the variance of the accumulated free-volume fraction at Vi was assumed to be proportional to the square of the total count which falls into the given region. The mean cavity geometry of the free volume in the bilayer is described by the probability distribution of the angle 0 between the bilayer normal and the vector connecting the test permeant and one of the chain segments in the bilayer which is in contact with and has the shortest distance from the test permeant as defined above (cf. Fig. 1 ). For each bilayer region i and each volume interval V of the test permeant, 18 counters were set up, each corresponding to an angle strip between 0 and 180°. If the contact angle 0 fell into one of the equally spaced strips, the counter associated with that angle strip, No,i,V, was incremented by one. The probability density for the contact angle 0 is then calculated as P(0, V, z) = N0,,1,/N1,,/A0, where Ni,, is the total number of points which fall into the region (i, V) and AO is the increment of the angle strip.
Ten different microstructures of the model bilayer, each separated by -10,000 time steps, were generated after the equilibrium of the system had been reached. f(V, z), P(0, V, z), and other structural quantities were calculated for each microstructure and arithmetic averages of the corresponding distributions were then obtained. As the bilayer structure is symmetric statistically with respect to the midplane, arithmetic averages of the free-volume distributions and other relevant structural properties in the regions of opposing monolayers which are symmetric with respect to the reflection about the mid-plane were also taken. The resulting quantities are presented in the following section.
RESULTS AND DISCUSSION
An instantaneous view of an equilibrium bilayer system at 323 K is shown in Fig. 2 along the y axis. Independent 2H NMR experiments on bilayers of 1,2-dipalmitoyl-3-snphosphatidylcholine (DPPC) at 323 K gave a surface density of 30.5 A2/chain molecule, which varied only slightly with temperature above Tc Schindler and Seelig, 1975) . The surface density used in the present simulation is 30 A2/chain molecule, which is very close to the NMR data, but about 10% smaller than the one obtained from x-ray diffraction measurement (Rand and Parsegain, 1989) . Apart from dramatic fluctuation in segmental positions, the frequent crossing of chain molecules over the mid-plane and the large wobbling motion of some chain molecules away from the bilayer normal are noted in Fig. 2 Seelig, 1975) . Aside from a difference in the average orientation of segments close to the head groups, both chains in a DPPC molecule behave similarly in terms of local order and orientational distributions (De Loof et al., 1991) . Thus, it is reasonable to compare, as shown in Fig. 3 , the experimental C-D order parameters at different segmental positions with those derived from the present MD simulation. The order parameter, SCD, is defined as SCD = 1/2(3 cos 2 0 1) equacy of our model bilayer as a prototype for real lipid bilayer membranes.
It is important to understand the roles that overall reorientation and internal motion of chain molecules play in determining the local disorder in the bilayer (Peterson and Chan, 1977) . Overall rotation of a chain molecule can be specified by defining the vector joining the first segment of the chain molecule to its center of mass as the molecular long axis. The order parameters due to overall and internal motions (SO and SI) are derived by substituting, respectively, the tilt angle between the molecular long axis and the bilayer normal (0') or the angle between the C-D vector and the molecular long axis (0") into Eq. 4. If the overall and internal motions are independent of each other, one has (4) where 0 is the angle between the C-D vector and the bilayer normal, and where the brackets represent an ensemble average. Referring to Fig. 3 , both the simulation and the experimental results exhibit a highly ordered plateau region along the chain with a rapid decrease of the order parameter toward the chain tail. The apparent decrease in the order parameter at C2 as contrast with the corresponding experimental value is expected given the fact that there are two chain molecules in a DPPC molecule which are covalently bonded to the same polar group. The pairing constraint anchors the chains to a narrower interfacial region than would be the case for single-chain molecules and may thereby inhibit their mobility and decrease the local free-volume fraction. Nevertheless, as suggested by the 2H NMR measurements (Schindler and Seelig, 1975) , such an effect, if it exists, is restricted to the few segments close to the head group and is no longer observable from C3 onward. The general agreement of the calculated order parameters with the experimental values also serves as an evidence for the ad- ; and +, from the present MD simulation along with the assumption of independent motions for both overall and internal modes (cf., Eq. 5).
SCD = SOSI
(5) Fig. 4 illustrates the probability distribution, p(cos 0'), of finding the tilt angle at 0' versus 1 -cosO'. The probability decreases rapidly as the tilt angle increases with an order parameter (SO) of 0.64. The order parameter calculated from the independent model is shown in Fig. 3 . A comparison of the relative magnitude of So and SI reveals that both overall rotation and internal motion have comparable contributions to the overall order parameter SCD. For the first four segments, the independent assumption gives the order parameter in close agreement with the true order parameter. The deviation becomes significant further down the chain, suggesting the occurrence of coupling between the overall and internal motions. The roughly constant gradient for the order parameter calculated from the independent model resembles the order parameter profile obtained from an ESR spin label measurement (Hubbell and MaConnell, 1971) . In that experiment, the order parameter was primarily sensitive to internal motions because of the short time scale of the measurement. As a result, the observed order parameter might not reflect the coupling between the overall and internal motions. The coupling between overall and internal motions is entailed to avoid the swing of a chain molecule over a large volume. The molecules requires a large amount of energy. For instance, the cohesion energy for a CH2 group in a bilayer is about 1 kcal/mol (Vaz et al., 1979 (Helfand, 1971; Skolnick and Helfand, 1980; Helfand, 1985; Xiang, et al., 1991) . They can also preserve the chain orientation along the bilayer normal, giving the plateau order parameter along the chain.
Free-volume distributions by the extrapolation of the free-volume distribution to V = 0 is plotted in Fig. 6 versus position from the bilayer interface. The result is in contrast to the scaling theory which assumes a uniform profile for free-volume fraction (de Gennes, 1980; Milner et al., 1988) , but in better agreement with a parabolic distribution as shown by the solid line in Fig. 6 . The parabolic distribution can be derived from a self-consistent field theory (SCF) (Milner et al., 1988) . Similar and related density profiles are also found from MD simulations of systems of end-grafted polymers Grest, 1989a, 1989b ). In our model bilayer, the total free-volume fraction varies from 0.30 in the highly ordered chain region to 0.49 in the center of the bilayer.
The ratio of these two values is 0.61. The total freevolume fraction in the plateau region is close to those calculated in glassy poly(propylene) and poly(vinyl chloride), 0.31 and 0.32, in which the polymer chains are also highly ordered locally (Shah et al., 1989) . The total free-volume fraction in bulk hydrocarbon liquids is 0.50 for n-pentane, 0.46 for n-octane, and 0.42 for n-hexadecane at 293 K (Bondi, 1954) . Using temperature expansion coefficients (a) of 1.8 X 10-3/K for n-pentane, 1.2 X 10-3/K for n-octane, and 1.0 X 10-3/K for n-hexadecane, which are evaluated from complied density-temperature data (American Institute of Physics Handbook, 1972; Boelhouwer, 1967) , and an empirical thermodynamics relationship, f = fo + a(T -To), we estimate their total free-volume fractions at 323 K to be 0.56, 0.50, and 0.45, respectively. The total free-volume fraction in liquid n-octane estimated from the present MD simulation was f = 0.58. Considering various uncertainty in both simulation and experiment, especially the following two, the discrepancy from the value, 0.50, obtained from Bondi's data (Bondi, 1954) is not unreasonable: 1) the anisotropic interaction ignored in the present united-atom model may affect the hydrocarbon density at a given pressure and thereby change the total free-volume fraction (Toxvaerd, 1990) and 2) the difference of the methods used to estimate f. In Bondi's treat- The differentiation of Eq. 6 with respect to -V yields the probability distribution for the free volume which can accommodate a spherical permeant of volume V, p(V, z). Two representative profiles at z = 1.50 and 15.0 A are displayed in Fig. 7 on a semilog scale. The rapid decline of the probability distributions with increasing size of small test permeants (<-1 A), as shown in the inset, indicates that there is a group of small free volume which composes the majority of the cavities in the bilayer and has a very narrow distribution with respect to the cavity size of the free volume. This group of free volume consists, in part, of dead spaces between neighboring chain segments when they are in contact with each other as in a lattice structure at 0 K. For example, a cavity formed by four contacting segments can accommo- tuation or interstitial free volume (Bondi, 1954; Vrentas, 1977) . Since this group of free volume has very small sizes and the energy exchange associated with redistribution of the interstitial free volume is very large, it is not effectively involved in most molecular transport processes. In support of this viewpoint is a substantial body of evidence in polymer systems that not all of the free volume participates in diffusion processes of solutes. Furthermore, its contribution to the cavity-size distributions becomes negligible for free volume available to spherical permeants with vdW volumes greater than approximately 4 A', which is our main interest in the following analysis. It is also called effective free volume even though the boundary separating it from both dead volume and interstitial free volume can not be clearly defined.
As shown in Fig. 7 , the probability distributions for the effective free volume fall off much slower with increasing size of the test permeant and fail to follow a single exponential decay. Model equations with one-, two-, and threeexponential components are utilized to fit the probability distributions for the effective free volume, which gives the MSC values (cf., the Monte Carlo Method section) of 2.4, 4.5, and 5.0, respectively, for the distribution at z = 1.50 A. Similar results are obtained for the distributions at other locations in the bilayer. In addition, in the regression analysis using the model equation with three-exponential components, the pre-exponential factor for the third exponential term is always close to zero. Thus, it is concluded that a function with two exponential components p(V,z) = p1 e -V/V] + P2e -V/V2 (7) is best suited to describe the probability distributions for the effective free volume. For a system of hard spheres in thermodynamic equilibrium, the principle of maximal entropy requires that the cavity-size distribution decreases exponentially with increasing size of the free volume (Cohen and Turnbull, 1959) p(V, z) = poe-V/vo (8) In fact, this functional form for free-volume distributions has been widely used to describe various transport processes. In contrast, our statistical analysis reveals the existence of two groups of effective free volume regardless of the local order. We have also analyzed the free-volume data for model polymers calculated by Shah et al. (1989) , where the chain model with explicit hydrogen atoms is quite different from ours, and found that the distribution is also multiple exponential. Thus, the result seems to be independent of the chain model used and precise values of the L-J parameters. These observations suggest that the appearance of more than one exponential components in the free-volume distribution is a general phenomenon for systems consisting of polyatomic molecules with nonspherical shape.
The characteristic cavity sizes available to spherical permeants (V1 and V2) are presented in Fig. 8 as a est p:tenmeofcvteanthmanavysz.
The density dip was previously attributed to two assumpcenter of the bilayer is observed. The pre-exponential factors tions: 1) the richness of methyl groups in the center of the for these two groups of free volume, Pi and P2, change substantially from the plateau values of 0.012 and 0.00039 A-3 bilayrsad2 larger free vl e is associ tith termina ' methyl groups (Gruen, 1985) . The first assumption is conrespectively, in the highly ordered chain region to 0.049 and sistent with the experimental finding that the ratios of meth-0.0067 A in the center of the bilayer as shown in Fig. 9 . Here, the behavior essentially parallels that of the segmental lene groupsbo m ens are inversely Orelat d ore paaetr Thr.smc oefe ouei h liquid hydrocarbon density (Flory et al., 1964; Orwoll and Flory, 1967) , but the second assumption is in contrary with our simulation results, namely, the effective free volume in the center of the bilayer is, on the average, smaller than its 0.06' 0.01 free volume in the barrier domain to be 14 A3 (Stein, 1986) .
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Since most solutes used in Stein's study have vdW volumes 0 3 6 9 1 2 1 5 considerably larger than V1, the mean free volume obtained is thus an approximation of V2. The closeness between the 0.008-simulation and experimental values may come as a result of the cancellation of various factors affecting the observed 0.006-transport permeability: (a) the presence of double bonds and protein macromolecules (even though some chemicals had Q 0.004 -been added to inhibit specific transport pathways due to the presence of these macromolecules) in red-cell bilayers may 0.002/ generate larger free volume; (b) the nonspherical permeants employed in the experiment may occupied smaller effective 0.000 'free volume when they penetrate through the membrane as 0 3 6 9 1 2 1 5 suggested by our result in the following section that free z (A) volume is elongated in the bilayer; and (c) the lower tem- A study by Windrem et al. (Windrem and Plachy, 1980) found that the product of solubility and diffusion coefficients for molecular oxygen in phosphatidylcholine and other lipid bilayers in liquid-crystalline states depends strongly on the location at which oxygen interacts with a spin label, doxystearic acid. At 323 K and in DPPC bilayers, the ratio of the solubility-diffusion products at segmental positions C16 and C5 is 1.5. In conform with the free-volume theories for molecular solubility and diffusion (Turnbull and Cohen, 1970; Schnitzer, 1988) , the solubility-diffusion product at a given location z in the bilayer interior, S(z)D(z), can be described by the equation
where C is a proportionality factor independent of the coordinate z. Since the vdW radius for atomic oxygen (1.52 A) is much larger than the bond length in molecular oxygen (0.66 A) and the available free volume is largely determined by the short dimension of a permeant as most free volume is elongated (vida supra), the vdW volume for atomic oxygen is used in Eq. 9. An interpolation of the data in Figs. 8 and 9 using calculated average positions for C16 and C5 gives the free-volume parameters in the corresponding positions. The ratio of the solubility-diffusion products is then estimated to be 6.8. The large discrepancy is probably associated with the perturbation, in the experimental system, of local free volume due to the presence of a relatively large probe group in the neighborhood of an oxygen molecule. The validity of the interpretation of spin relaxation mechanisms in the lipid bilayers is also subject to debate (Berner and Kivelson, 1979) .
Mean cavity shape of free volume The cavity-shape analysis is performed, as stated in the Monte Carlo Method section, by calculating the probability distribution of the direction at which the randomly selected permeant is in contact with one of the segments in the bilayer. The idea is that if a cavity is elongated, there is a higher probability for a test permeant to collide with a segment along the short dimension of the cavity. As the mean cavity shape approaches the spherical symmetry and in the limit of zero-size probe permeant, the probability density for the contact angle 0 becomes, 1/2(cos0i, 1 -cosOi, 2)A0-1, where Oi, 1 and Oi, 2 are the contact angles at the boundaries of the angle strip i. Fig. 10 a displays two representative distributions of the probability density, P(0, V, z), as a function of the contact angle 0, where the free volumes is located at z = 2.3 and 15 A from the interface, and the test permeant has a vdW volume of 6.6 x i0-5 A3. The hypothetical distribution, P(0i) = ½/2(cosOi, 1 -cosOi, 2)A0-1, is also plotted in the figure as a reference. In Fig. 10 b, the contact-angle distribution in the simulated bulk n-octane is displayed along with the hypothetical distribution. It is noted that the distributions in the center of the bilayer and in the n-octane liquid agree very closely with the hypothetical one, whereas the distribution in the highly ordered chain region is substantially narrower. These results indicate that, on the average, the free volume in the center of the bilayer and in bulk n-octane is approximately spherical due to the random orientation of free volume, while the free volume in the highly ordered chain region is elongated with its long axis along the bilayer normal. The facts that the contact-angle distributions are approximately symmetric about 0 = 900 and the bilayer structure is statistically symmetric in the x-y plane suggest that the mean cavity shape of the free volume is an ellipsoid. The ellipticity of the mean cavity can be characterized more simply by the ratio between an arithmetic average of the probability densities at 0 = 0 and 1800 and the probability density at 0 = ordered chain region and increases to 0.093 and 0.12, respectively, at the mid-plane. The greater fluctuation of the data points for the larger test permeant is due to the very limited number of large cavities sampled. The significantly smaller ratio for cavities available to the smaller permeant implies that small free volume is more elongated than large free volume. A similar phenomenon was observed in a MD simulation of polymer liquid and glass, where the reduced surface-to-volume ratio for the free volume decreases with increasing cavity size (Rigby and Roe, 1990) . The nonsphericity of free volume in the highly ordered region also implies that the true mean cavity sizes for the two groups of effective free volume are larger than V1 and V2 in that region.
Conformational structure
In the rotational isomeric state approximation (Volkenstein, 1963) , torsional motion of a dihedral angle is characterized by three discrete states, trans and ±gauche. Different combinations of these conformational states among neighboring chain molecules can create cavities of different sizes. Thus, it is important to investigate the conformational structure in the model bilayer. Fig. 12 linkage, Cn-Cn+1-Cn+2-Cn+3. An odd-even effect is observed as did in other bilayer assemblies (van der Ploeg and Berendsen, 1983; Egberts and Berendsen, 1988 (Skolnick and Helfand, 1980; Helfand, 1971; Helfand, 1985) and in the creation of relatively large free volume (Trauble, 1971) . Kinks and jogs are energetically preferred over other gauche defects in a lipid bilayer because they preserve the overall orientation of the chain molecule and thereby have a minimal disturbance to the compact structure of the lipid bilayer. However, a large increase in numbers of these defects would result in a decrease in system entropy. Thus, the conformational structure observed should reflect a subtle balance between these two factors. The average number of kinks in a chain molecule is 0.76, larger than the prediction from the independent model, 0.53, while there is no difference in the average number of jogs per chain molecule between the simulation result and the model prediction. The fact that most of the chain molecules in the bilayer have one kink sequence suggests the possible importance of cooperative motions in the free-volume distributions.
An isolated gauche state is defined, in this work, as the gauche state which does not belong to any other type of conformational sequences as specified in Table 2 . An isolated gauche state may cause a large defection of the chain orientation, and thus, may not be favored in a lipid bilayer, especially near the head group. The average number of isolated gauches per chain molecule is 1.41, much smaller than the average number of gauche states available. The occurrence of gauche pairs of the same sign, g+g+, is less frequent (g±) , and (g-)4, where n = 3 and 4, are also calculated and found to be more consistent with the prediction from the independent model. Table 2 , the unfavorable sequences, g+g. and g_g+ can be easily detected in the bilayer structure even though at a much smaller probability than predicted from the independent model. These conformational defects are severely suppressed, because of the strong steric repulsion between the segments separated by four C-C bonds, also known as the pentane effect (Pitzer, 1940) . They have been assumed to be forbidden and neglected in many conformational analyses. Nevertheless, it has been suggested by Flory and others (Flory, 1989) that the severe steric overlap for the gauche pairs of opposite sign in a chain molecule can be alleviated by moving away from the angles, ± 1200. Two shallow energy minima were identified at 4 = ± 115 and ± 770, having an energy of 3.2 kcal/mol above the trans pair state (tt) (Flory, 1989) . It corresponds to a probability of 0.0071 for the occurrence of either g+g_ or g_g+, or an average of 0.17 such defects per chain molecule, which is in close agreement with our simulation result, 0.18. As another evidence, our simulation shows that the gauche pairs of the opposite sign have, on the average, their dihedral angles at 4 = ± 109 and ± 790 CONCLUSIONS AND COMMENTS In this work, a novel combined method of the molecular dynamics and Monte Carlo simulations is developed to calculate the free-volume distributions across the model lipid bilayer and a new method based on the contact-angle distribution is developed to describe quantitatively mean cavity geometry. Although approximate models were employed in the MD simulation, some structural features observed in experiment, including the segmental order parameter, surface density and mean cavity volume, were reproduced either quantitatively or qualitatively. These facts along with the fact that the potential used for chain molecules has been tested in numerous previous studies imply that the basic ingredients are contained in our model and that special details not included in out model likely do not alter the main picture and the qualitative but important observations obtained in this work. Namely, 1) the probability distributions for the effective free volume at different locations in the bilayer are found to have two exponential components. 2) The ordering of alkyl chains in the bilayer decreases the fraction of both freevolume components, but the characteristic cavity sizes available to spherical permeants are smaller in the relatively disordered central region than in the highly ordered chain dered chain region reduces both solubility and diffusivity of permeants in that region as demonstrated by the ratio of solubility-diffusion products for molecular oxygen. Thus, it provides an effective barrier to transport processes of permeants, a result in consistence with our recent experiments on functional group contributions to permeability of p-toluic acid and a-position derivatives . 3) Our preliminary results reveal that the mean shape of free volume in the bilayer is an ellipsoid. The ellipticity of the free volume increases with distance from the interface approaching the limiting value for spherical cavity in the center of the bilayer.
As noted in
The local order and conformational structures are also analyzed. Some salient features of our findings are as follows: (a) both overall and internal motions of the chain molecules have comparable contributions to the disorder in the bilayer and the coupling between these two motional modes appears to be responsible for the plateau order parameter along the chain; (b) the kink defects have increased probability than predicted from the independent model; (c) the gauche pairs of the opposite sign, which have been known to be highly unfavorable due to excluded volume interactions (Scott, 1975) , can be easily detected in the bilayer structure. This is attributed to the fact that in the bilayer, a dihedral angle can assume values other than 0 and + 1200, which alleviates substantially the strong steric expulsion.
The lack of explicit water and head groups may affect the free-volume in the following ways: 1) the chemical nature of head groups and the degree of hydration can change the surface density of lipid chains. In our simulation, the surface density was varied to fit the experimental data. Thus, this effect is largely accounted for. 2) the penetration of external molecules such as water, driven by a configurational entropy (Wang et al., 1993) , is known to perturb the local chain conformation and decrease the degree of compact packing of chain molecules in the bilayer. This effect is expected to increase local free-volume fraction. But this effect, like the effect of anchoring two chains to a head group, is only significant near the polar head group region as experimental studies by the author (not published) and others indicate that the partition coefficient for water between a nonpolar hydrocarbon solvent and water phases is on the order of 10-5 (molarity ratio).
More studies are under progress to 1) establish a quantitative relationship between the contact-angle distribution and the actual topology of free volume; 2) to examine the effects of intermolecular anisotropic interaction on lipid bilayer structure; 3) to explore the effects of surface density and temperature on the free-volume distributions; and 4) to understand the nature and the dynamic relaxation of effective free volume and their correlation with conformational structure of chain molecules in the bilayers.
APPENDIX
For a spherical cavity as shown in Fig. 13 , the surface area of a spherical sector between 01 and 02, with which a test permeant is in contact, can be region. The relative scarce of free volume in the highly or-z x FIGURE 13 An illustration of a spherical cavity and a selected spherical sector whose surface area is proportional to the probability for the contact angle between 01 and 02- Since the surface area is sampled uniformly, the probability for the contact angle at 0 = 01 + ½/2(09 -0k)] is obtained by dividing the above equation by the total surface area of the sphere, 47rr2, which gives P(0) = 1/2(COS 01 -COS 02).
(12)
As noted, the distribution is independent of the cavity size.
